1. Introduction {#sec1-antioxidants-08-00409}
===============

Chronic kidney disease (CKD) is a syndrome giving a multitude of symptoms and resulting from a permanent reduction in the number of nephrons, or their permanent damage \[[@B1-antioxidants-08-00409]\]. CKD is characterized by progressive decrease of glomerular filtration rate (GFR) and is one of the most common lifestyle diseases not only in adults, but also in children. Although the amount of accurate epidemiological data on the prevalence of CKD in children is limited, mortality in this group of patients is very considerable---about 30 times higher than the expected mortality rate at a given age \[[@B2-antioxidants-08-00409],[@B3-antioxidants-08-00409]\]. According to the current guidelines \[[@B4-antioxidants-08-00409]\], CKD is diagnosed based on structural or functional impairment of renal function and/or reduction of GFR to less than 60 mL/min/1.73 m^2^, lasting more than three months. Other CKD indices include: albuminuria, abnormal urine sediment, electrolyte changes and deviations in imaging and kidney biopsy \[[@B5-antioxidants-08-00409]\]. However, diagnosing CKD in children and adolescents may entail considerable difficulties. First, GFR in young people changes with age. Second, in lean individuals with low muscle mass (i.e., children and the elderly), creatinine levels may be normal even with significant deterioration in kidney function \[[@B2-antioxidants-08-00409],[@B5-antioxidants-08-00409]\]. Therefore, there is still a need for new biomarkers that will reflect kidney function more precisely.

It is assumed that oxidative stress plays a key role in CKD aetiology \[[@B6-antioxidants-08-00409],[@B7-antioxidants-08-00409],[@B8-antioxidants-08-00409]\]. It has been demonstrated that overproduction of free radicals in CKD is caused by increased activity of the renin-angiotensin-aldosterone system (RAAS), inflammation, and disturbed mitochondrial functioning. Indeed, angiotensin II increases the proinflammatory NF-κB signalling pathway, which boosts not only cytokine production but also the production of reactive oxygen species (ROS). Numerous studies have demonstrated that oxidative stress leads to the oxidation of proteins and lipids in the kidney parenchyma, resulting in progressive dysfunction of this organ \[[@B6-antioxidants-08-00409],[@B7-antioxidants-08-00409],[@B8-antioxidants-08-00409]\]. It is, therefore, not surprising that the use of oxidative stress biomarkers in differential diagnosis of CKD patients is postulated \[[@B9-antioxidants-08-00409],[@B10-antioxidants-08-00409],[@B11-antioxidants-08-00409],[@B12-antioxidants-08-00409]\].

In modern laboratory diagnostics there is a growing interest in alternative biological materials to be collected without specialist equipment and supervision of medical personnel. This may contribute to the reduction of patients' anxiety, encourage people to monitor their health more frequently, and enable early diagnosis of the disease. Saliva serves as a non-invasive, and at the same time non-infectious, diagnostic material \[[@B13-antioxidants-08-00409]\]. Although this fluid consists of over 95% water, it is also a rich source of antioxidants. These include salivary peroxidase, catalase, superoxide dismutase, uric acid (UA), glutathione and thioredoxin, of which 70--80% of the antioxidant activity is served by UA \[[@B14-antioxidants-08-00409],[@B15-antioxidants-08-00409]\]. Interestingly, salivary antioxidants are increasingly popular in the diagnosis of a number of systemic diseases. Clinical usefulness of salivary redox biomarkers has been confirmed in patients with diabetes \[[@B16-antioxidants-08-00409],[@B17-antioxidants-08-00409]\], obesity \[[@B18-antioxidants-08-00409],[@B19-antioxidants-08-00409]\], neurodegenerative diseases \[[@B20-antioxidants-08-00409],[@B21-antioxidants-08-00409]\] as well as in CKD patients \[[@B11-antioxidants-08-00409],[@B22-antioxidants-08-00409]\].

As we have demonstrated in the previous studies \[[@B11-antioxidants-08-00409]\], CKD is accompanied by disturbances of enzymatic and non-enzymatic antioxidant systems and intensified oxidative damage to proteins and lipids, not only in plasma but also saliva. Generally, salivary oxidative stress indices correlate with their content in blood and may serve as potential diagnostic biomarkers of CKD in children. However, none of the parameters evaluated so far has differentiated between various stages of chronic kidney disease. Due to the lack of commonly available diagnostic tools and the fact that CKD does not give any clinical manifestations of kidney disease in the early stages, the disease is often diagnosed when the deterioration in kidney function cannot be slowed. Therefore, the aim of our study was to search for a non-invasive biomarker of chronic kidney disease progression in children. For this purpose, we decided to evaluate the total antioxidant potential, using the FRAP (ferric ion reducing antioxidant) method, in non-stimulated and stimulated saliva, plasma and urine of patients with CKD and healthy controls. Since uric acid strongly affects the value of total antioxidant capacity, we measured both total FRAP and UA-independent FRAP (FRAP-UA) \[[@B23-antioxidants-08-00409]\].

2. Material and Methods {#sec2-antioxidants-08-00409}
=======================

2.1. Ethical Issues {#sec2dot1-antioxidants-08-00409}
-------------------

The research project was approved by the Local Bioethical Committee in Bialystok (permission number R-I-002/43/2018). It was conducted in accordance with the Declaration of Helsinki determining ethical principles for medical research involving humans. All subjects and/or their legal guardians consented in writing to participate in the experiment.

2.2. Patients {#sec2dot2-antioxidants-08-00409}
-------------

The study included 30 CKD children with normal body weight, treated at the Department of Pediatrics and Nephrology of the Medical University of Bialystok Children's Clinical Hospital. The patients' condition was assessed based on medical history, physical examination, and laboratory and imaging results. The causes of CKD were: glomerulopathy (30%), urological abnormalities (23.3%), nephropathy (16.7%), kidney dysplasia (16.7%) and unknown aetiology (13.3%).

CKD was defined according to the Kidney Disease Improving Global Outcomes (KDIGO) criteria \[[@B4-antioxidants-08-00409]\] based on different GFR distribution: Stage 1: \>90 mL/min; Stage 2: 60--89 mL/min; Stage 3: 30--59 mL/min; Stage 4: 15--29 mL/min; and Stage 5: \<15 mL/min. The estimated glomerular filtration rate (eGFR) was calculated using the updated Schwartz formula: eGFR (mL/min/1.73 m^2^) = 0.413 × (height in cm/sCr) \[[@B24-antioxidants-08-00409]\]. Kidney function impairment was also assessed based on the levels of serum creatinine (sCr), serum urea, as well as urine protein (albuminuria, proteinuria).

Blood pressure was measured using either a manual auscultatory or an automatic oscillometric device after the patient had rested for 5 min in a sitting position. The average values of the second and third measurements were used for subsequent analyses, based on a decision concerning hypertension. Hypertension was defined as the average value of the systolic and/or diastolic blood pleasure of ≥ 95th percentile for age, gender, and height \[[@B25-antioxidants-08-00409]\].

From the moment of positive CKD diagnosis, all patients were on renal diet low in sodium and/or phosphorous and/or protein, depending on a patient's condition and CKD stage \[[@B26-antioxidants-08-00409]\].

The control group consisted of generally healthy children with normal body weight who attended follow-up visits at the Children's Dental Clinic at the Specialist Dental Clinic of the Medical University of Bialystok. The control was matched by age and gender to the study group.

The exclusion criterion in both groups was the occurrence of systemic, metabolic, autoimmune, neoplastic, and infectious diseases, as well as diseases of the digestive tract, thyroid and lungs. Patients taking glucocorticosteroids, non-steroidal anti-inflammatory drugs (NSAIDs), hormones, antibiotics, vitamins and dietary supplements for at least three months prior to the study, as well as cigarette smokers and people with poor oral hygiene and/or gum inflammation, were excluded from the study (see: dental examination).

Detailed clinical characteristics of patients and the controls are presented in [Table 1](#antioxidants-08-00409-t001){ref-type="table"}.

2.3. Saliva Collection {#sec2dot3-antioxidants-08-00409}
----------------------

Total mixed non-stimulated saliva (NWS) and stimulated saliva (SWS) were used for assays. Saliva was collected between 7:30 a.m. and 9:00 a.m. after an overnight rest from patients who had refrained from increased physical activity for the preceding 24 h. Patients were advised not to consume any food or drink other than clean water at least 2 h before saliva collection and not to perform any oral hygiene procedures (brushing, chewing gum, etc.). Furthermore, subjects from the study as well as the control group had not taken any medicines at least 8 h prior to saliva collection.

Saliva was collected via the spitting method, each time in the same, child-friendly room (after at least a 5-min adaptation period). Before the collection, the oral cavity was rinsed twice with distilled water at room temperature. Saliva was collected in a sitting position with the head slightly inclined downwards, and with limited movements of the face and lips. Saliva was spat into a sterile tube placed in a container with ice, and the samples collected during the first minute were discarded. NWS was collected for 15 min. SWS was collected similarly to NWS and its secretion was stimulated by sprinkling the tip of the tongue with 10 µL of 2% citric acid every 30 s. SWS was collected for 5 min. No blood contamination was observed in any of the samples. Immediately after collection, saliva was centrifuged (20 min, 4 °C, 3000× *g*; MPW 351, MPW Med. Instruments, Warsaw, Poland). In order to protect the samples from oxidation processes, butylated hydroxytoluene (BHT, Sigma-Aldrich, Saint Louis, USA) was added to the obtained supernatants in the amount of 10 μL 0.5 M BHT in acetonitrile (ACN)/1 mL of saliva \[[@B27-antioxidants-08-00409]\]. The samples were frozen at −80 °C and stored for no more than six months.

Immediately after collection, the volume of saliva was measured using a calibrated pipette with the accuracy of 100 µL. The minute flow of NWS and SWS was calculated by dividing the saliva volume by the time necessary for its secretion (mL/min) \[[@B27-antioxidants-08-00409]\].

2.4. Dental Examination {#sec2dot4-antioxidants-08-00409}
-----------------------

Right after saliva collection, a clinical dental examination was performed in every patient according to the World Health Organization criteria \[[@B28-antioxidants-08-00409]\]. A mirror, an explorer and a periodontal probe were used in artificial lighting. The incidence of caries was determined by the DMFT (decayed, missing, filled teeth) index which is the sum of teeth with caries (D), teeth extracted as a result of caries (M) and teeth filled because of caries (F). DMFT was also calculated for deciduous teeth (dmft). The evaluation of oral hygiene was performed based on API (approximal plaque index) according to Lange. API determines the percentage of tooth surface with plaque. To assess the condition of gums, we used SBI (Sulcus Bleeding Index) according to Mühlemann and Son, and GI (Gingival Index) according to Löe and Silness. The SBI shows the intensity of bleeding from the gingival sulcus after probing, while GI criteria include qualitative changes in the gingiva \[[@B28-antioxidants-08-00409]\].

Persons with poor oral hygiene (API \> 20) and gum inflammation (SBI \> 0.5, GI \> 0.5) were excluded from the experiment. All the dental examinations were performed by the same dentist (J. S.). In 10 patients we assessed the inter-rater agreements between the examiner (J. S.) and another experienced dentist (A. Z.). The reliability for DMFT was r = 0.96; dmft = 0.92; API was r = 1.0; SBI was r = 0.98; and GI was r = 0.96.

2.5. Plasma and Urine Collection {#sec2dot5-antioxidants-08-00409}
--------------------------------

Whole blood was collected between 7 a.m. and 8 a.m. in a sitting position, from fasting patients after an overnight rest. S-Monovette^®^ K3 EDTA blood collection system (Sarstedt, Nümbrecht, Germany) was used, and samples were centrifuged immediately (1500× *g*; 4 °C, 10 min). No haemolysis was found in any sample, and the supernatant fluid (plasma) was preserved for further assays.

Urine was collected into a sterile container from the middle stream, after an overnight resting period and morning crotch hygiene procedures. Within 1 h of collections, the samples were delivered to the laboratory and centrifuged immediately (400× *g*, 4 °C, 10 min).

Similar to saliva, BHT (10 μL 0.5 M BHT in ACN/1 mL of the sample) was added to plasma and urine samples that were then frozen at −80 °C until assayed \[[@B27-antioxidants-08-00409]\].

2.6. Total Protein Assay {#sec2dot6-antioxidants-08-00409}
------------------------

The total protein content was determined via the bicinchoninic acid (BCA) method using a commercial kit (Thermo Scientific PIERCE BCA Protein Assay (Rockford, IL, USA)). Bovine serum albumin (BSA) was used as a standard.

2.7. FRAP Assay {#sec2dot7-antioxidants-08-00409}
---------------

The total antioxidant potential of saliva, plasma and urine was determined spectrophotometrically using FRAP \[[@B23-antioxidants-08-00409]\]. This method is based on the reduction of Fe^3+^ ions in the form of a complex with 2,4,6-Tri(2-pyridyl)-s-triazine (TPTZ) to Fe^2+^ ions. The TPTZ-Fe^2+^ complex has intense colour with a maximum absorption at 593 nm wavelength. The colour intensity is directly proportional to the concentration of Fe^2+^ ions. Since uric acid strongly affects the value of total antioxidant potential, both total FRAP and UA-independent FRAP (FRAP-UA) were measured after the addition of uricase. UA concentration was calculated from the difference between total FRAP and FRAP-UA, whereas uric acid level in the total antioxidant potential of saliva, plasma, and urine was expressed as:$$\Delta{FRAP} = \frac{\left\lbrack {{total}\ {FRAP}} \right\rbrack - \left\lbrack {{FRAP}\ {UA}} \right\rbrack}{\left\lbrack {{total}\ {FRAP}} \right\rbrack} \times 100\%.$$

All reagents were purchased from Sigma-Aldrich (Nümbrecht, Germany and/or Saint Louis, MO, USA). 60 μL of PBS (pH 7.4) or 60 μL of uricase (10 U/mL) were added to 200 μL of the sample, then mixed thoroughly and incubated for 20 min at 25 °C. Next, 100 μL of the sample was taken, and 3 mL of freshly prepared FRAP reagent was added to the sample by mixing acetate buffer (300 mM/L, pH 3.6), TPTZ (10 mM/L in 40 mM/L HCl) and FeCl~3~ (20 mM/L) at a volume ratio of 10:1:1. All the said substances were mixed, and after 8 min we measured the absorbance changes at 593 nm wavelength as compared to the blank test. The absorbance was measured with Infinite M200 PRO Multimode Microplate Reader from Tecan. The standard curve was prepared by dissolving uric acid (84 mg) and lithium carbonate (60 mg) in deionized water (30 mL) at 60 °C. The resulting solution was diluted with deionized water to 100 mL (5 mM/L stock UA standard solution). The solution was protected from light, and used directly to prepare the diluted solutions of the standards \[[@B23-antioxidants-08-00409]\].

All measurements were performed in triplicate samples. The results were standardised to mg of total protein.

2.8. Statistical Analysis {#sec2dot8-antioxidants-08-00409}
-------------------------

Statistical analysis was performed using the GraphPad Prism 7 (GraphPad Software, La Jolla, USA). The Shapiro--Wilk test was used to determine the normality of distribution, and comparisons were made with the one-way ANOVA variance analysis and the Tukey test (comparison of several groups) or the unpaired Student's *t*-test (comparisons between two groups). Multiplicity adjusted *p* values were also calculated. The correlation of the obtained results was assessed using the Pearson correlation coefficient. The zero hypotheses were falsified at the materiality level *p* = 0.05. The results (expressed as an arithmetic mean ± SEM) are presented in the figures and tables included herein. ROC (receiver operating characteristic) analysis was used to assess the diagnostic usefulness of the assayed biomarkers. Diagnostic value of salivary FRAP was evaluated between healthy and CKD patients as well as between patients with weak/moderate renal failure (stages 1--3) and those with severe CKD (stages 4--5). The number of patients was selected based on the previous pilot study, with the value of 0.9 assumed as the test strength.

3. Results {#sec3-antioxidants-08-00409}
==========

3.1. Salivary Gland Function and Dental Examination {#sec3dot1-antioxidants-08-00409}
---------------------------------------------------

The content of total protein (TP) was significantly lower in NWS of children at stage 1 (*p* = 0.003), 2 (*p* = 0.01), 3 (*p* = 0.008) and 5 (*p* = 0.007) of chronic kidney disease, as well as in all patients with CKD (*p* \< 0.001) compared to the controls. The same changes were observed at all stages of CKD in stimulated saliva (*p* \< 0.001 versus the controls) ([Table 2](#antioxidants-08-00409-t002){ref-type="table"}).

The minute flow of non-stimulated saliva was significantly lower in all groups of children with CKD compared to the control (*p* \< 0.001). The rate of SWS secretion was lower in children at stage 1, 2, 3 and 4 of CKD, as well as in all patients with chronic kidney disease compared to healthy controls (*p* \< 0.001) ([Table 2](#antioxidants-08-00409-t002){ref-type="table"}).

We have not observed any significant differences in the incidence of caries, oral hygiene, or the condition of the gums between the studied groups ([Table 2](#antioxidants-08-00409-t002){ref-type="table"}).

3.2. Total FRAP {#sec3dot2-antioxidants-08-00409}
---------------

Total antioxidant potential of NWS and plasma expressed as total FRAP did not differ significantly between the studied groups. However, in SWS and urine total FRAP levels were considerably higher at stage 2, 3, 4 and 5 of chronic kidney disease, as well as in all CKD patients compared to the controls (*p* \< 0.001) ([Figure 1](#antioxidants-08-00409-f001){ref-type="fig"}).

3.3. FRAP-UA {#sec3dot3-antioxidants-08-00409}
------------

UA-independent FRAP (FRAP-UA) was significantly higher in NWS of children at stage 2 (*p* = 0.01) and 5 (*p* = 0.04) of CKD compared to healthy controls, similarly to all CKD patients (*p* = 0.001) vs. the control. The level of UA-independent FRAP was also higher in SWS and urine of children at stages 2--5 of CKD and in all patients compared to healthy subjects (*p* \< 0.001) ([Figure 1](#antioxidants-08-00409-f001){ref-type="fig"}).

3.4. UA {#sec3dot4-antioxidants-08-00409}
-------

Uric acid concentration calculated as the difference between total FRAP and UA-independent FRAP did not differ significantly in NWS and plasma of the both groups. However, in SWS and urine, the level of UA was considerably higher at stages 2--5 of CKD, as well as in all CKD patients compared to the controls (*p* \< 0.001) ([Figure 1](#antioxidants-08-00409-f001){ref-type="fig"}).

3.5. ΔFRAP {#sec3dot5-antioxidants-08-00409}
----------

The share of uric acid in the total antioxidant potential, calculated as ΔFRAP, did not differ both in NWS and plasma of all the analysed groups. In stimulated saliva, ΔFRAP was significantly higher at stage 3 of CKD (*p* = 0.03) and in the group of all patients with chronic kidney disease versus healthy controls (*p* = 0.003). This parameter was considerably higher in urine of only the group of all CKD patients compared to the controls (*p* = 0.001) ([Figure 1](#antioxidants-08-00409-f001){ref-type="fig"}).

3.6. ROC Analysis {#sec3dot6-antioxidants-08-00409}
-----------------

All the biomarkers evaluated in stimulated saliva and urine significantly differentiated patients from healthy subjects. High diagnostic value in distinguishing children with chronic kidney disease from the controls was also confirmed for total FRAP and FRAP-UA in non-stimulated saliva, and total FRAP and UA in plasma ([Table 3](#antioxidants-08-00409-t003){ref-type="table"}).

ROC analysis demonstrated that at high sensitivity and specificity, total FRAP, FRAP-UA and UA in stimulated saliva significantly differentiated children at stage 1--3 of CKD from patients at stage 4 or 5 of the disease. Interestingly, the level of total FRAP \> 17.92 μM/mg protein in stimulated saliva differentiated between patients with weak/moderate renal failure and those with severe CKD (AUC = 1, sensitivity = 100%, specificity = 100%). All urinary biomarkers significantly distinguished children at stage 1--3 of CKD from those at stage 4--5 of renal failure ([Table 4](#antioxidants-08-00409-t004){ref-type="table"}, [Figure 2](#antioxidants-08-00409-f002){ref-type="fig"}).

3.7. Correlations {#sec3dot7-antioxidants-08-00409}
-----------------

The correlations between redox biomarkers evaluated in saliva, plasma and urine of patients with chronic kidney disease are presented in [Table 5](#antioxidants-08-00409-t005){ref-type="table"}. Interestingly, the total FRAP level in SWS revealed significantly positive correlation with its content in urine, and similar results were observed for the concentration of uric acid ([Table 5](#antioxidants-08-00409-t005){ref-type="table"}).

The correlations between salivary antioxidant potential and clinical parameters for patients with CKD are presented in [Table 6](#antioxidants-08-00409-t006){ref-type="table"}. The concentrations of total FRAP, FRAP-UA and UA in SWS correlated negatively with the value of eGFR, and positively with serum creatinine and urea. Positive correlations between FRAP in SWS and proteinuria and albuminuria are also noteworthy. A similar correlation was found for uric acid in SWS. A negative correlation between total FRAP, FRAP-UA and UA in SWS and the levels of haemoglobin and haematocrit in serum of CKD children was also found. These biomarkers also positively correlated with the concentration of iron and ferritin ([Table 6](#antioxidants-08-00409-t006){ref-type="table"}).

4. Discussion {#sec4-antioxidants-08-00409}
=============

Chronic kidney disease is inseparably connected with oxidative stress \[[@B6-antioxidants-08-00409],[@B7-antioxidants-08-00409],[@B8-antioxidants-08-00409]\]. In the course of CKD, enzymatic and non-enzymatic disturbances of antioxidant systems and severe oxidative damage occur, resulting in progressive renal failure \[[@B6-antioxidants-08-00409],[@B7-antioxidants-08-00409],[@B8-antioxidants-08-00409]\].

All antioxidants basically fulfil the same function: they impede the formation of ROS and interrupt free radical reactions, preventing the interaction of oxidants with cellular components. However, it is difficult to draw conclusions about redox homeostasis solely based on the assessment of individual antioxidants. A much better parameter is total antioxidant potential which determines the total capacity of our biological system to scavenge free radicals. It is believed that total antioxidant potential includes interactions between all antioxidants \[[@B23-antioxidants-08-00409],[@B29-antioxidants-08-00409]\]. In our study, the total antioxidant activity was evaluated using FRAP (ferric ion reducing antioxidant parameter). The levels of total FRAP, UA-independent FRAP (FRAP-UA), uric acid, and ΔFRAP were significantly higher in stimulated saliva and urine of CKD patients than in healthy controls.

A rich source of antioxidants is saliva \[[@B15-antioxidants-08-00409],[@B30-antioxidants-08-00409]\]. This fluid is produced by large salivary glands (submandibular, parotid and sublingual) as well as numerous smaller salivary glands scattered throughout the oral cavity. Most of it is produced by submandibular glands (about 70% of its overall volume), while 25% of saliva is secreted from parotid glands. While stimulated (with food or chemical stimuli), parotid glands prevail over submandibular glands in terms of the amount of produced saliva \[[@B21-antioxidants-08-00409]\]. Considering the fact that the main source of antioxidants in the oral cavity is the parotid gland \[[@B31-antioxidants-08-00409],[@B32-antioxidants-08-00409]\], it is not surprising that higher levels of FRAP, FRAP-UA and UA were observed in stimulated saliva compared to NWS. It is worth recalling that parotid glands are highly aerobic organs equipped with a very effective mitochondrial antioxidant system \[[@B33-antioxidants-08-00409],[@B34-antioxidants-08-00409]\]. Under oxidative stress conditions, the antioxidative barrier may be strengthened, which was confirmed by the results of our study. Indeed, the increase in FRAP, FRAP-UA and UA contents in the saliva of children with CKD compared to the controls suggests an adaptive response of the body to increased ROS production. It was demonstrated that the overproduction of free radicals in CKD is caused by overactivation of RAAS, which impairs the function of mitochondria and increases the activity of NOX (NADPH oxidase)---the primary source of ROS in the cell \[[@B6-antioxidants-08-00409],[@B7-antioxidants-08-00409]\]. Angiotensin II also increases the expression of vascular adhesion molecule-1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1), which activates the NF-κB pathway and further intensifies oxidative stress \[[@B6-antioxidants-08-00409],[@B7-antioxidants-08-00409],[@B8-antioxidants-08-00409]\]. In our earlier study, we also observed enhanced antioxidant defence in the saliva of CKD patients, expressed as increased activity of salivary peroxidase and superoxide dismutase, as well as in the concentration of salivary uric acid and albumin \[[@B11-antioxidants-08-00409]\]. Strengthened antioxidant barriers in the saliva of children with chronic kidney disease is not surprising, especially since the oral cavity is the only place in the body exposed to numerous pro-oxidative factors, such as diet, medicines, microorganisms, and air pollution \[[@B30-antioxidants-08-00409]\]. Negative correlation between the age of CKD diagnosis and total FRAP and UA concentrations in stimulated saliva is also noteworthy, as it proves an increase of salivary redox disorders with the disease duration.

Laboratory evaluation of kidney function is an important element of CKD diagnostics. Progressive renal failure reveals no symptoms for a long time, and early stages of CKD may be latent in both clinical and laboratory tests. Therefore, new biomarkers are constantly being sought to reflect particularly the initial stage of kidney damage \[[@B2-antioxidants-08-00409],[@B5-antioxidants-08-00409]\]. Although creatinine and urea assays in serum are the simplest and most commonly applied method of evaluating kidney function, frequent blood collection for testing is not an indifferent procedure for patients (especially children). Therefore, the use of saliva is gaining popularity in laboratory medical diagnostics. The advantages of saliva include its easy, non-invasive and stress-free collection. Saliva is also relatively durable and can be collected several times a day \[[@B13-antioxidants-08-00409],[@B27-antioxidants-08-00409]\].

The term 'laboratory biomarker' refers to an endogenous substance which, measured by validated and reproducible methods, correlates with the pathological process, is characterized by high sensitivity and specificity, and at the same time is easy to interpret \[[@B13-antioxidants-08-00409]\]. The results of our study indicated the possibility of using FRAP in the differential diagnosis of patients with chronic kidney disease. The total antioxidant potential (total FRAP and FRAP-UA) and uric acid concentration were significantly higher in stimulated saliva of children with CKD compared to healthy controls. The levels of these biomarkers increase with the progression of chronic kidney disease and their concentration in SWS reflects their content in urine. Interestingly, salivary FRAP (both total FRAP and FRAP-UA) and uric acid clearly distinguish between different stages of CKD as well as between healthy individuals and CKD patients.

GFR (glomerular filtration rate) is the gold standard in CKD diagnostics \[[@B4-antioxidants-08-00409]\]. However, at the early stages of the disease, it is necessary to conduct either laboratory or imaging tests to find additional exponents of kidney damage \[[@B2-antioxidants-08-00409],[@B5-antioxidants-08-00409]\]. In our study, total FRAP, FRAP-UA and UA concentrations in SWS correlated negatively with eGFR (r = −0.83, r = −0.72, r = −0.79, respectively) and positively with serum creatinine (r = 0.78, r = 0.79, r = 0.69, respectively) and urea (r = 0.73, r = 0.70, r = 0.67, respectively). This indicates the relation of these biomarkers to the progression of chronic kidney disease, which is also confirmed by the positive correlation between salivary FRAP and proteinuria and albuminuria, as well as between uric acid in SWS and protein content in urine. Albuminuria is the earliest renal damage indicator among those normally determined in clinical practice \[[@B35-antioxidants-08-00409]\]. Increased excretion of albumin in urine indicates the beginning of evident proteinuria as well as progression to end stage renal disease and cardiovascular disorders. It is believed that patients with high levels of proteinuria are more prone to develop chronic impairment of kidney parenchyma than a comparable group with low protein excretion \[[@B5-antioxidants-08-00409],[@B35-antioxidants-08-00409]\]. Not without significance is also the outstandingly positive correlation between the concentration of the assayed parameters in SWS and urine (total FRAP, r = 0.94; FRAP-UA, r = 0.65; UA, r = 0.93). Thus, salivary FRAP and uric acid can be useful for monitoring CKD progression.

Renal anaemia is a significant clinical problem in children with CKD \[[@B4-antioxidants-08-00409]\]. Its primary cause is erythropoietin deficiency resulting from weakened response of periurethral cells to hypoxia and iron deficiency. It is assumed that anaemia occurs at the early stages of CKD and intensifies with the disease progression \[[@B2-antioxidants-08-00409],[@B5-antioxidants-08-00409]\]. Thus, it leads to numerous cardiovascular complications and significantly increases the mortality rate of patients. The results of our study indicate that salivary antioxidant potential measured by FRAP may be an exponent of erythropoietic disorders in CKD patients. It is evidenced by the negative correlation between total FRAP, FRAP-UA and UA in SWS and haemoglobin and haematocrit levels in serum of children with CKD. Salivary redox biomarkers also positively correlate with iron and ferritin serum concentrations, which is not surprising as most patients had iron supplementation prescribed.

The diagnostic value of the assessed redox biomarkers was also confirmed by ROC analysis. With high sensitivity and specificity, total FRAP, FRAP-UA and UA in stimulated saliva significantly differentiated healthy subjects from CKD patients, as well as children at stages 1--3 from those at stages 4--5 of the disease progression. A particularly interesting parameter is total FRAP, which---at the level of over 17.92 μM/mg protein in SWS---differentiates patients with weak/moderate renal failure from those with severe CKD (AUC = 1, sensitivity = 100%, specificity = 100%). However, further studies in a larger population of patients are needed to confirm the clinical usefulness of salivary FRAP.

In view of the constant increase in CKD incidence and high costs of therapy, salivary redox biomarkers may serve as the basis for developing laboratory tests that would enable early, non-invasive diagnosis of chronic kidney disease in children. The FRAP method is cheap and fast, characterized by high repeatability and reproducibility, and---due to the presence of commonly available commercial diagnostic kits---the results of tests can be compared with each other \[[@B23-antioxidants-08-00409]\].

However, despite the undeniable advantages, salivary redox biomarkers have certain limitations. Diseases of the oral cavity and periodontium may affect FRAP values in saliva. What is more, such factors as medicines taken (e.g., iron, angiotensin converting enzyme inhibitors (ACE-I), angiotensin receptor blocker (ARB)), environmental factors (diet, xenobiotics) and other systemic diseases of proven oxidative stress aetiology (e.g., diabetes, heart failure, thyroid and autoimmune diseases) may also disturb total antioxidant potential.

Summarising, salivary total FRAP, FRAP-UA and UA can be useful for monitoring CKD progression in children. These biomarkers increase with the severity of chronic kidney disease and their concentration in stimulated saliva reflects their content in urine. However, special attention should be paid to salivary total FRAP which distinguishes children with mildly to moderately decreased kidney function from those with severe renal impairment. Further studies are needed to confirm the diagnostic value of salivary FRAP in a larger population of CKD children.
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###### 

Clinical characteristics of children with different stages of chronic kidney disease (CKD) and healthy controls.

  ----------------------------------------------------------------------------------------------------------------------------------------
                             Control\      Stage 1\        Stage 2\        Stage 3\        Stage 4\        Stage 5\        CKD\
                             *n* = 30      *n* = 5         *n* = 8         *n* = 7         *n* = 5         *n* = 5         *n* = 30
  -------------------------- ------------- --------------- --------------- --------------- --------------- --------------- ---------------
  Weight (kg)                42.1 ± 6.2    46.06 ± 4.74    51.64 ± 8.36    33.86 ± 4.27    42.34 ± 13.55   32.3 ±7.17      41.79 ± 3.65

  Height (cm)                138.2 ± 8.3   145.6 ± 7.66    151.7 ± 5.58    134.4 ± 5.63    143.4 ± 7.34    130.2 ± 10.16   141.7 ± 3.29

  Age (yrs)                  12.5 ± 0.8    14.35 ± 1.51    13.89 ± 1.3     11.71 ± 1.2     13.35 ± 1.26    11.28 ± 2.04    12.93 ± 0.64

  Age of diagnosis (yrs)     ND            12.75 ± 1.23    9.53 ± 2.13     7.82 ± 1.43     6.55 ± 2.55     7.06 ± 1.42     8.76 ± 0.88

  eGFR (mL/min/1.73 m^2^)    137.2 ± 8.9   136.6 ± 15.88   75.26 ± 5.65    42.19 ± 5.25    21.76 ± 3.28    12.46 ± 0.83    58.38 ± 8.31

  Serum Cr (mg/dL)           0.42 ± 0.1    0.82 ± 0.1      1.07 ± 0.11     1.72 ± 0.19     3.77 ± 0.13     6.62 ± 0.49     2.55 ± 0.39

  Serum urea (mg/dL)         18.1 ± 3.4    26.8 ± 7.33     44.63 ± 5.89    57.29 ± 8.23    110.1 ± 9.52    156.2 ± 13.99   74.12 ± 9.09

  Proteinuria (mg/24 h)      62.1 ± 3.7    91.5 ± 4.33     490.5 ± 224.5   607 ±329.6      804.3 ± 285.5   794 ± 553.5     561.9 ± 137.3

  Albuminuria (mg/24 h)      8 ± 0.9       9.54 ± 0.41     54.53 ± 27.58   124.7 ± 113.8   335.5 ± 96.98   1454 ± 110.2    348 ± 126.4

  Ca^2+^ (mmol/L)            ND            2.49 ± 0.04     2.38 ± 0.07     2.39 ± 0.06     2.37 ± 0.01     2.48 ± 0.08     2.42 ± 0.03

  Vitamin D~3~ (ng/mL)       ND            24.1 ± 3.33     17.38 ± 3.57    23.86 ± 7.43    22.13 ± 6.56    10.8 ± 3.09     19.71 ± 2.4

  PTH (pg/mL)                35.1 ± 5.5    39.03 ± 8.9     54.96 ± 11.58   73.67 ± 16.28   161.4 ± 132.1   703.6 ± 177.5   194.6 ± 60.6

  ALP (U/L)                  38.5 ± 8.7    109.3 ± 31      196.6 ± 41.31   197.3 ± 23.24   239.7 ± 89.27   372.6 ± 192.6   223.8 ± 41.33

  Hgb (g/dL)                 14.8 ± 0.3    13.64 ± 0.75    13.39 ± 0.82    12.14 ± 0.72    10.43 ± 0.21    11.02 ± 0.97    12.31 ± 0.4

  Hct (%)                    39.8 ± 1      39.88 ± 1.95    38.33 ± 2.01    35.31 ± 1.71    31.24 ± 0.27    32.44 ± 2.58    35.72 ± 0.99

  Fe (μg/dL)                 80.2 ± 2      55.2 ± 10.44    78.13 ± 11.85   67.14 ± 8.85    82.2 ± 2.46     106.4 ± 16.16   77.13 ± 5.57

  Ferritin (ng/mL)           ND            53.23 ± 13.17   78.89 ± 28.41   106.5 ± 41.02   183.5 ± 66.46   320.6 ± 66.52   138.8 ± 25.01

  SBP (mmHg)                 107 ± 1.5     116 ± 6.3       121.8 ± 6.34    113.4 ± 3.77    111.9 ± 1.21    119.4 ± 6.19    116.8 ± 2.37

  DBP (mmHg)                 65 ± 2.6      70.8 ± 3.12     68 ± 3.08       69.57 ± 2.46    74.27 ± 1.17    79.6 ± 5.01     71.81 ± 1.52

  Hypertension n (%)         0 (0)         1 (20)          1 (12.5)        1 (14.3)        2 (40)          3 (60)          8 (26.7)

  Dialysis n (%)             0 (0)         0 (0)           0 (0)           0 (0)           1 (20)          5 (100)         6 (20)

  Drugs \< 5 per day n (%)   0 (0)         2 (40)          4 (50)          5 (71.4)        2 (40)          1 (20)          14 (46.7)

  Drugs ≥ 5 per day n (%)    0 (0)         3 (60)          4 (50)          2 (28.6)        3 (60)          4 (80)          16 (53.3)
  ----------------------------------------------------------------------------------------------------------------------------------------

ALP---alkaline phosphatase; Ca^2+^---calcium ions; DBP---diastolic blood pressure; eGFR---estimated glomerular filtration rate using Schwartz formula; Fe---serum iron levels; Hgb---haemoglobin level; Hct---haematocrit; PTH---parathyroid hormone; SBP---systolic blood pressure; sCr---serum creatinine.

antioxidants-08-00409-t002_Table 2

###### 

Salivary gland function and dental examination of children at different stages of chronic kidney disease (CKD) and healthy controls.

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                              Control\         Stage 1\           Stage 2\           Stage 3\           Stage 4\           Stage 5\           CKD\               ANOVA\
                              *n* = 30         *n* = 5            *n* = 8            *n* = 7            *n* = 5            *n* = 5            *n* = 30           *p*
  --------------------------- ---------------- ------------------ ------------------ ------------------ ------------------ ------------------ ------------------ ---------
  Total protein NWS (μg/mL)   1371 ± 78.52     832.2 ± 31.45 \*   976 ± 46.75 \*     931.1 ± 89.26 \*   919.5 ± 52.16      897.7 ± 72.63 \*   918.4 ± 29.07 \*   \<0.001

  Total protein SWS (μg/mL)   1308 ± 30.77     907.1 ± 89.52 \*   916.3 ± 64.24 \*   1031 ± 64.17 \*    998.9 ± 40.09 \*   890.1 ± 78.15 \*   950.9 ± 30.56 \*   \<0.001

  NWS flow rate (mL/min)      0.56 ± 0.02      0.30 ± 0.03 \*     0.34 ± 0.04 \*     0.33 ± 0.03 \*     0.24 ± 0.05 \*     0.31 ± 0.08 \*     0.31 ± 0.02 \*     \<0.001

  SWS flow rate (mL/min)      1.42 ± 0.05 \*   0.85 ± 0.09 \*     0.78 ± 0.1 \*      0.76 ± 0.1 \*      0.81 ± 0.12 \*     1.09 ± 0.08        0.84 ± 0.05 \*     \<0.001

  DMFT                        3.2 ± 0.5        3.1 ± 0.4          3.0 ± 0.7          3.2 ± 0.3          3.6 ± 0.8          3.5 ± 0.5          3.3 ± 0.5          NS

  dmft                        10.1 ± 0.5       10.8 ± 0.2         11 ± 0.2           12.5 ± 0.3         11.1 ± 0.5         12.4 ± 0.8         11.5 ± 0.4         NS

  PBI                         0 ± 0.1          0 ± 0.1            0 ± 0.3            0 ± 0.3            0 ± 0.3            0 ± 0.3            0 ± 0.3            NS

  GI                          0 ± 0.2          0 ± 0.2            0 ± 01             0 ± 0.2            0 ± 0.2            0 ± 0.2            0 ± 0.2            NS
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------

DMFT---decay, missing, filled teeth; GI---Gingival Index; NWS---non-stimulated whole saliva; SWS---stimulated whole saliva. \* *p* \< 0.05 vs. the control group.
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###### 

Receiver operating characteristic (ROC) analysis of total antioxidant capacity measured by FRAP in saliva, plasma and urine of children with chronic kidney disease (CKD) and healthy controls.

  --------------------------------------------------------------------------------------------------------------
                               AUC    *p*-Value   Cut-Off   Confidence Intervals   Sensitivity\   Specificity\
                                                                                   (%)            (%)
  ---------------------------- ------ ----------- --------- ---------------------- -------------- --------------
  *NWS*                                                                                           

  Total FRAP (μM/mg protein)   0.7    0.008       \>7.90    0.56--0.84             73.33          73.33

  FRAP-UA (μM/mg protein)      0.81   \<0.001     \>3.68    0.69--0.93             80             80

  UA (μM/mg protein)           0.54   NS          \>3.84    0.39--0.69             53.33          43.33

  ΔFRAP (%)                    0.62   NS          \<53.76   0.47--0.76             60             60

  *SWS*                                                                                           

  Total FRAP (μM/mg protein)   0.95   \<0.001     \<10.41   0.9--1.01              90             90

  FRAP-UA (μM/mg protein)      0.95   \<0.001     \>3.92    0.9--1.02              93.33          90

  UA (μM/mg protein)           0.94   \<0.001     \>6.79    0.9--1                 90             90

  ΔFRAP (%)                    0.76   \<0.001     \>62.2    0.64--0.89             70             73.33

  *Plasma*                                                                                        

  Total FRAP (μM/mg protein)   0.69   0.01        \>5.78    0.55--0.83             66.67          70

  FRAP-UA (μM/mg protein)      0.57   NS          \>1.29    0.42--0.72             60             53.33

  UA (μM/mg protein)           0.72   0.003       \>4.35    0.59--0.86             70             70

  ΔFRAP (%)                    0.63   NS          \>77.53   0.48--0.78             56.67          60

  *Urine*                                                                                         

  Total FRAP (μM/mg protein)   0.98   \<0.001     \>10.46   0.96--1.01             90             90

  FRAP-UA (μM/mg protein)      0.95   \<0.001     \>4.51    0.89--1.01             86.67          90

  UA (μM/mg protein)           0.98   \<0.001     \>6.72    0.95--1.01             90             90

  ΔFRAP (%)                    0.8    \<0.001     \>61.41   0.67--0.92             80             80
  --------------------------------------------------------------------------------------------------------------

FRAP---ferric ion reducing antioxidant parameter; FRAP-UA---UA-independent FRAP; NS---no significance; NWS---non-stimulated whole saliva; SWS---stimulated whole saliva; UA---uric acid.
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###### 

Receiver operating characteristic (ROC) analysis of total antioxidant capacity measured by FRAP in saliva, plasma and urine of children with stage 1--3 and 4--5 of chronic kidney disease (CKD).

  --------------------------------------------------------------------------------------------------------------
                               AUC    *p*-Value   Cut-Off   Confidence Intervals   Sensitivity\   Specificity\
                                                                                   (%)            (%)
  ---------------------------- ------ ----------- --------- ---------------------- -------------- --------------
  *NWS*                                                                                           

  Total FRAP (μM/mg protein)   0.61   NS          \<9.28    0.4--0.81              58.33          55

  FRAP-UA μM/mg protein)       0.55   NS          \>5.02    0.31--0.78             50             50

  UA (μM/mg protein)           0.53   NS          \<4.32    0.3--0.76              60             55

  ΔFRAP (%)                    0.61   NS          \<44.77   0.39--0.83             60             60

  *SWS*                                                                                           

  Total FRAP (μM/mg protein)   1.00   \<0.001     \>17.92   1--1                   100            100

  FRAP-UA μM/mg protein)       0.91   \<0.001     \>5.932   0.8--1.01              80             75

  UA (μM/mg protein)           0.96   \<0.001     \>12.07   0.9--1.02              90             90

  ΔFRAP (%)                    0.55   NS          \>66.32   0.34--0.77             60             55

  *Plasma*                                                                                        

  Total FRAP (μM/mg protein)   0.63   NS          \>6.43    0.4--0.86              60             65

  FRAP-UA (μM/mg protein)      0.61   NS          \>1.41    0.38--0.83             60             55

  UA (μM/mg protein)           0.62   NS          \>4.97    0.4--0.85              60             60

  ΔFRAP (%)                    0.56   NS          \<77.98   0.34--0.78             50             55

  *Urine*                                                                                         

  Total FRAP (μM/mg protein)   0.99   \<0.001     \>20      0.96--1.02             100            95

  FRAP-UA (μM/mg protein)      0.89   \<0.001     \>6.83    0.77--1                80             75

  UA (μM/mg protein)           1      \<0.001     \>12.95   1--1                   100            100

  ΔFRAP (%)                    0.73   0.047       \>65.16   0.52--0.93             70             70
  --------------------------------------------------------------------------------------------------------------

FRAP---ferric ion reducing antioxidant parameter; FRAP-UA---UA-independent FRAP; NS---no significance; NWS---non-stimulated whole saliva; SWS---stimulated whole saliva; UA---uric acid.
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###### 

Correlations between salivary and plasma/urine total antioxidant capacity measured by FRAP in children with chronic kidney disease (CKD).

  -----------------------------------------------------------------------------------------------------------------------------------------
                Total FRAP plasma   FRAP-UA Plasma   UA Plasma   ΔFRAP Plasma   Total FRAP Urine   FRAP-UA Urine   UA Urine   ΔFRAP Urine
  ------------- ------------------- ---------------- ----------- -------------- ------------------ --------------- ---------- -------------
  Total FRAP\   −0.12               −0.42 \*         −0.01       0.28           0.01               −0.05           0.04       0.17
  NWS                                                                                                                         

  FRAP-UA\      −0.12               −0.32            −0.03       0.19           0.09               0.01            0.13       0.25
  NWS                                                                                                                         

  UA\           −0.10               −0.40 \*         0.01        0.29           −0.04              −0.08           −0.02      0.1
  NWS                                                                                                                         

  ΔFRAP\        0.05                −0.16            0.10        0.19           −0.16              −0.14           −0.16      −0.09
  NWS                                                                                                                         

  Total FRAP\   0.26                0.45 \*          0.16        −0.20          0.94 \*            0.83 \*         0.93 \*    0.21
  SWS                                                                                                                         

  FRAP-UA\      −0.01               0.19             −0.07       −0.18          0.72 \*            0.65 \*         0.71 \*    0.14
  SWS                                                                                                                         

  UA\           0.36 \*             0.52 \*          0.25        −0.19          0.93 \*            0.84 \*         0.93 \*    0.22
  SWS                                                                                                                         

  ΔFRAP\        0.44 \*             0.50 \*          0.34        −0.13          0.47 \*            0.44 \*         0.47 \*    0.15
  SWS                                                                                                                         
  -----------------------------------------------------------------------------------------------------------------------------------------

FRAP---ferric ion reducing antioxidant parameter; FRAP-UA---UA-independent FRAP; NWS---non-stimulated whole saliva; SWS---stimulated whole saliva; UA---uric acid. \* *p* \< 0.05.
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###### 

Correlations between total antioxidant capacity measured by FRAP and clinical characteristics of children with chronic kidney disease (CKD).

  -------------------------------------------------------------------------------------------------------------------------------
                            Total FRAP NWS   FRAP-UA NWS   UA NWS    ΔFRAP\    Total FRAP SWS   FRAP-UA SWS   UA SWS     ΔFRAP\
                                                                     NWS                                                 SWS
  ------------------------- ---------------- ------------- --------- --------- ---------------- ------------- ---------- --------
  Weight (kg)               0.02             −0.04         0.05      −0.03     −0.2             −0.12         −0.21      −0.14

  Height (cm)               0.23             0.10          0.27      0.10      −0.26            −0.16         −0.28      −0.19

  Age (yrs)                 0.23             0.18          0.23      −0.01     −0.16            −0.11         −0.17      −0.14

  Age of diagnosis (yrs)    0.17             0.03          0.23      0.16      −0.37 \*         −0.23         −0.39 \*   −0.29

  eGFR (mL/min/1.73 m^2^)   −0.05            −0.16         0.03      0.18      −0.83 \*         −0.72 \*      −0.79 \*   −0.28

  sCr (mg/dL)               0.10             0.19          0.04      −0.09     0.78 \*          0.79 \*       0.69 \*    0.09

  Serum urea (mg/dL)        0.02             0.14          −0.05     −0.12     0.73 \*          0.70 \*       0.67 \*    0.14

  Proteinuria (mg/24 h)     −0.17            −0.04         −0.22     −0.30     0.49 \*          0.36          0.50 \*    0.25

  Albuminuria (mg/24 h)     0.08             0.14          0.03      −0.02     0.74 \*          0.74 \*       0.66 \*    0.11

  Ca^2+^ (mmol/L)           0.31             0.13          0.36      0.39 \*   −0.07            −0.03         −0.09      −0.06

  Vitamin D~3~ (ng/mL)      0.04             0.04          0.03      0.01      −0.18            −0.13         −0.19      −0.07

  PTH (pg/mL)               0.13             0.31          0.01      −0.19     0.65 \*          0.72 \*       0.55 \*    −0.01

  ALP (U/L)                 −0.06            0.21          −0.19     −0.29     0.49 \*          0.38          0.49 \*    0.22

  Hgb (g/dL)                0.27             0.09          0.33      0.38 \*   −0.48 \*         −0.44 \*      −0.45 \*   −0.06

  Hct (%)                   0.29             0.06          0.38 \*   0.45 \*   −0.53 \*         −0.48 \*      −0.50 \*   −0.12

  Fe (μg/dL)                −0.18            0.04          −0.27     −0.28     0.46 \*          0.34 \*       0.47 \*    0.28

  Ferritin (ng/mL)          0.13             0.27          0.03      −0.17     0.53 \*          0.65 \*       0.42 \*    −0.09

  SBP (mmHg)                −0.12            −0.19         −0.06     0.06      −0.03            0.01          −0.04      −0.04

  DBP (mmHg)                −0.13            −0.17         −0.09     0.05      0.23             0.23          0.20       0.04
  -------------------------------------------------------------------------------------------------------------------------------

FRAP---ferric ion reducing antioxidant parameter; FRAP-UA---UA-independent FRAP; NWS---non-stimulated whole saliva; SWS---stimulated whole saliva; UA---uric acid. \* *p* \< 0.05.
